Copper containing silica nanostructures are easily produced through a low cost versatile approach by means of hyperbranched polyethyleneimine (PEI), a water soluble dendritic polymer. This dendritic molecule enables the formation of hybrid organic/inorganic silica nanoparticles in buffered aqueous media, at room temperature and neutral pH, through a biomimetic silicification process. Furthermore, the derived hybrid organic/inorganic materials dispersed in water can be easily loaded with various copper amounts, due to the presence of PEI, which, despite having been integrated in the silica network, retains its strong copper chelating ability. Following calcination, the obtained copper loaded nanopowders are characterized by X-ray diffraction (XRD), Scanning electron microscopy (SEM), N 2 adsorption, Temperature programmed reduction (TPR) and UV-Vis diffuse reflectance (UV-Vis-DR) techniques and evaluated for automotive exhaust purification under simulated conditions at the stoichiometric point. Effective control over final materials' pore structural and morphological characteristics is provided by employing different buffer solutions, i.e., tris(hydroxymethyl)aminomethane (Tris) or phosphate buffer. It was found that the enhancement of the nanopowders textural features, obtained in the presence of Tris buffer, had a great impact on the material's catalytic behavior, improving significantly its activity towards pollutants oxidation.
Introduction
Over the last few years, dendrimers and hyperbranched polymers, collectively referred to as dendritic polymers, have received great scientific and technological interest, owing to their highly branched tree-like architecture and their multi-functionality [1] [2] [3] [4] [5] . Their structure consists of a central point or core from which emanates a network of repeating monomer units and branches, enclosed by terminal functional groups located at the macromolecule's periphery [1] [2] [3] [4] [5] . These three structural conditions, i.e., ambient temperatures and pressures [4] . Solution pH was regulated at 7.5 with the aid of a phosphate buffer solution. At this pH value, PEI's primary amino-groups are partially protonated in the form of NH 3 + and electrostatically interact with negatively charged silica species. Through this interaction, PEI's integration within growing silica nanospheres was attained. The developed hybrid nanospheres demonstrated enhanced sorption capacity towards two polycyclic aromatic hydrocarbons and four selected toxic metal ions compared to polymer free nanospheres, confirming the retained chemical and chelating properties of PEI although surrounded by the siloxane network [4] . In the present study, by making use of PEI's biomimetic action and templating properties, copper containing silica nanostructures are developed and examined towards automotive catalytic applications. Two different buffer solutions are employed and their effect on silica's textural and structural properties is investigated. Copper incorporation is performed in a second stage, after the formation of PEI/silica nanospheres, simply by adding the hybrid nanospheres into aqueous copper solutions and allowing Cu sorption to take place. Finally, copper nanoparticles are obtained upon calcination. Potential use of the developed Cu loaded materials in automotive applications is assessed by testing them under simulated exhaust conditions at the stoichiometric point.
Results

Synthesis in Phosphate Buffer (PB)
Initial metal concentrations of aqueous solutions and final metal amounts in the produced solids determined by Energy Dispersive X-ray Spectroscopy (EDX) analysis, are summarized in Table 1 . As observed, Cu uptake in the final solids is quite high, ranging from 5.2 to 7.7 wt %, evidencing the preservation of PEI's complex forming properties, even when incorporated into the siliceous matrix. Moreover, hybrid nanospheres' immersion into aqueous copper solution of higher concentration (1000 ppm) resulted in an increased metal content, indicating that initial metal concentration is one of the controlling factors over final metal loading, together with solid/liquid ratio, pH, temperature and total ionic strength of the solution. XRD patterns of the parent and the 7.7 wt % copper loaded silica sample, produced with the aid of a phosphate buffer, are depicted in Figure 1 . The metal free sample demonstrates a single very broad diffraction peak at 2θ ≈ 22 • , indicative of the amorphous silica nature, whereas, in the copper loaded one, there is an indication of silica crystallization since the main peak corresponding to tridymite crystal phase could be distinguished. It is highly likely that copper nanocrystallites act as nucleation sites accelerating silica's transition from the amorphous to crystalline phase during the calcination process. This is in agreement with previous studies in which the addition of a small amount of metal ions affected silica's crystallization kinetics [32, 33] . Moreover, in the 7.7 wt % copper loaded silica material, trace peaks possibly corresponding to tenorite (JCPDS # 3-884) and copper phosphate (JCPDS # 44-182) phases could also be detected. However, the low intensity broad peaks of Cu crystal phases imply the nanocrystalline nature and the fine dispersion of copper species onto the siliceous support.
Detailed investigation of copper species chemical nature and dispersion state was carried out by means of UV-vis-DR spectroscopy. As noticed in Figure 2 , both copper loaded silica samples demonstrate comparable UV-vis spectra. The two bands spotted around 260 nm and 340-360 nm can be ascribed to charge transfer between mononuclear Cu 2+ ion and oxygen and between Cu 2+ and oxygen in oligonuclear [Cu-O-Cu] n surface species [34, 35] . However, the broadness and the intensity of these two bands vary depending on the metal content, revealing a greater contribution of oligomeric copper oxide clusters in the case of the silica sample with the higher copper loading. Bands at higher wavelengths related to the presence of large bulk-like CuO particles [34, 35] were not present in any sample examined, supporting the XRD findings. Detailed investigation of copper species chemical nature and dispersion state was carried out by means of UV-vis-DR spectroscopy. As noticed in Figure 2 , both copper loaded silica samples demonstrate comparable UV-vis spectra. The two bands spotted around 260 nm and 340-360 nm can be ascribed to charge transfer between mononuclear Cu 2+ ion and oxygen and between Cu 2+ and oxygen in oligonuclear [Cu-O-Cu]n surface species [34, 35] . However, the broadness and the intensity of these two bands vary depending on the metal content, revealing a greater contribution of oligomeric copper oxide clusters in the case of the silica sample with the higher copper loading. Bands at higher wavelengths related to the presence of large bulk-like CuO particles [34, 35] were not present in any sample examined, supporting the XRD findings. H2-TPR measurements were performed to probe the reducibility of Cu species onto the siliceous nanospheres. TPR profiles of copper loaded silica samples, along with an unsupported bulk CuO, used as a reference, are illustrated in Figure 3 . The sample with the lower copper loading demonstrates a two stage reduction process at 335 °C and 535 °C, with a shoulder at around 300 °C. Taking into consideration the results from UV-vis-DR analysis, where large CuO aggregates could not be identified, these two main peaks may originate from the stepwise reduction of isolated Cu 2+ species, i.e., Cu 2+ →Cu + and Cu + →Cu 0 [35, 36] . The reduction of copper present in oligomeric oxide Detailed investigation of copper species chemical nature and dispersion state was carried out by means of UV-vis-DR spectroscopy. As noticed in Figure 2 , both copper loaded silica samples demonstrate comparable UV-vis spectra. The two bands spotted around 260 nm and 340-360 nm can be ascribed to charge transfer between mononuclear Cu 2+ ion and oxygen and between Cu 2+ and oxygen in oligonuclear [Cu-O-Cu]n surface species [34, 35] . However, the broadness and the intensity of these two bands vary depending on the metal content, revealing a greater contribution of oligomeric copper oxide clusters in the case of the silica sample with the higher copper loading. Bands at higher wavelengths related to the presence of large bulk-like CuO particles [34, 35] were not present in any sample examined, supporting the XRD findings. H2-TPR measurements were performed to probe the reducibility of Cu species onto the siliceous nanospheres. TPR profiles of copper loaded silica samples, along with an unsupported bulk CuO, used as a reference, are illustrated in Figure 3 . The sample with the lower copper loading demonstrates a two stage reduction process at 335 °C and 535 °C, with a shoulder at around 300 °C. Taking into consideration the results from UV-vis-DR analysis, where large CuO aggregates could not be identified, these two main peaks may originate from the stepwise reduction of isolated Cu 2+ species, i.e., Cu 2+ →Cu + and Cu + →Cu 0 [35, 36] . The reduction of copper present in oligomeric oxide clusters accounts for the shoulder observed at lower temperature, since it is well documented in the literature that highly dispersed CuO species are more easily reduced to Cu 0 than isolated Cu 2+ species [35, 36] . The sample with higher metal loading exhibits superior reduction behaviour, with H 2 -TPR measurements were performed to probe the reducibility of Cu species onto the siliceous nanospheres. TPR profiles of copper loaded silica samples, along with an unsupported bulk CuO, used as a reference, are illustrated in Figure 3 . The sample with the lower copper loading demonstrates a two stage reduction process at 335 • C and 535 • C, with a shoulder at around 300 • C. Taking into consideration the results from UV-vis-DR analysis, where large CuO aggregates could not be identified, these two main peaks may originate from the stepwise reduction of isolated Cu 2+ species, i.e., Cu 2+ →Cu + and Cu + →Cu 0 [35, 36] . The reduction of copper present in oligomeric oxide clusters accounts for the shoulder observed at lower temperature, since it is well documented in the literature that highly dispersed CuO species are more easily reduced to Cu 0 than isolated Cu 2+ species [35, 36] . The sample with higher metal loading exhibits superior reduction behaviour, with peaks shifted to lower temperature range, as evidenced by the major reduction peak at 280 • C, with a shoulder at 330 • C accompanied by a minor peak at 485 • C. From the position and the intensity of these peaks, it can be deduced that, in this sample, oligomeric copper oxide clusters are the dominant copper species, in agreement with UV-vis-DR study. Therefore, TPR investigation, together with the findings from UV-vis-DR and XRD analysis, points out the effectiveness of biomimetic synthesis in generating materials with high final metal loading, coupled with an excellent dispersion of the metal species.
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Catalysts 2017, 7, 390 5 of 13 peaks shifted to lower temperature range, as evidenced by the major reduction peak at 280 °C, with a shoulder at 330 °C accompanied by a minor peak at 485 °C. From the position and the intensity of these peaks, it can be deduced that, in this sample, oligomeric copper oxide clusters are the dominant copper species, in agreement with UV-vis-DR study. Therefore, TPR investigation, together with the findings from UV-vis-DR and XRD analysis, points out the effectiveness of biomimetic synthesis in generating materials with high final metal loading, coupled with an excellent dispersion of the metal species. Morphological characteristics of the as developed materials were assessed by means of SEM microscopy and depicted in Figure 4 . As shown, all samples demonstrate the same morphology consisting of well-defined sphere-like particles. The size of the majority of the observed nanospheres ranges between 100 to 300 nm. Pore structural characteristics, evaluated by N 2 adsorption analysis, are listed in Table 1 . Pure silica nanospheres prepared with PB possess very low specific surface area (ssa) and total pore volume (TPV) values, of the order of 40 m 2 /g and 0.14 cc/g, respectively. Copper incorporation does not induce drastic changes either in textural features or in isotherm shape. The isotherm plots, illustrated in Figure 5 , are of type II with no hysteresis loop, typical of non-porous solids. Pore structural characteristics, evaluated by N2 adsorption analysis, are listed in Table 1 . Pure silica nanospheres prepared with PB possess very low specific surface area (ssa) and total pore volume (TPV) values, of the order of 40 m 2 /g and 0.14 cc/g, respectively. Copper incorporation does not induce drastic changes either in textural features or in isotherm shape. The isotherm plots, illustrated in Figure 5 , are of type II with no hysteresis loop, typical of non-porous solids. Pollutants' conversion profiles as a function of catalyst temperature, for the sample with the highest Cu loading, are demonstrated in Figure 6 . As noticed, this sample is only active towards CO and C3H6 oxidation with 31% and 79% maximum conversions achieved at 500 °C, respectively. Concerning the other pollutants, NO, CH4 and C3H8, conversion efficiencies were negligible. This catalytic performance, not in line with the very promising results derived from XRD, UV-vis-DR and TPR analysis, can be attributed to the very poor pore structural characteristics. Bearing in mind the encapsulation of PEI within the growing silica nanospheres, as a result of primary amino moieties multivalency effect [4, 9, 37] , and the preservation of PEI's chelating action even when integrated into the siliceous network [4, 9, 10] , it is anticipated that copper species will be mainly located at the silica's interior and not at the surface. Therefore, the presence of porous channels providing accessibility of reactant gas molecules to the catalytic active sites is of vital importance. Pollutants' conversion profiles as a function of catalyst temperature, for the sample with the highest Cu loading, are demonstrated in Figure 6 . As noticed, this sample is only active towards CO and C 3 H 6 oxidation with 31% and 79% maximum conversions achieved at 500 • C, respectively. Concerning the other pollutants, NO, CH 4 and C 3 H 8 , conversion efficiencies were negligible. This catalytic performance, not in line with the very promising results derived from XRD, UV-vis-DR and TPR analysis, can be attributed to the very poor pore structural characteristics. Bearing in mind the encapsulation of PEI within the growing silica nanospheres, as a result of primary amino moieties multivalency effect [4, 9, 37] , and the preservation of PEI's chelating action even when integrated into the siliceous network [4, 9, 10] , it is anticipated that copper species will be mainly located at the silica's interior and not at the surface. Therefore, the presence of porous channels providing accessibility of reactant gas molecules to the catalytic active sites is of vital importance.
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Synthesis in Tris Buffer
In order to modify the nanospheres' textural properties and to demonstrate their key role on catalytic behavior, a different buffer solution was employed and examined. The size controlling effect of phosphate buffer solution over biogenic silica nanospheres was reported in a previous work lacking, however, investigation of pore structural properties [25] . Buffer concentration and cation type were recognized as the most crucial factors for particle size control. It was postulated that biomimetic silica growth process is regulated by electrostatic interactions between the negatively charged surface silanol groups and the cations present in solution. As suggested, smaller sized cations, due to the more effective surface coverage and thus charge neutralization, allow particle agglomeration and growth. Larger cations instead lead to insufficient surface coverage, leaving negatively charged silicate surface exposed, thus yielding smaller sized particles, due to the remaining electrostatic repulsions [25] . Prompted by these findings, Tris buffer solution was selected, considering that the cation mediating silica growth is the tris(hydroxymethyl)aminomethane group in its protonated form, which is much larger than the sodium ions present in phosphate buffer.
XRD patterns of pure silica (SiO 2 _Tris) and the respective copper loaded (Cu_2.4 wt %_SiO 2 _Tris) samples produced in the presence of Tris buffer solution are shown in Figure 7 . In both cases, the only peak detected is the one ascribed to amorphous silica at 2θ ≈ 22 • . In the copper loaded sample, the absence of diffractions associated with CuO crystal phase, despite a Cu content of 2.4 wt % (Table 2) , implies the very good dispersion of the metal species, not leading to the formation of bulky aggregates detectable by XRD analysis. The lower final copper loading in the presence of Tris compared to phosphate buffer, despite the same initial metal concentration of the employed Cu solution, could be mainly attributed to the lesser incorporation degree of PEI into the formed silica nanospheres.
XRD patterns of pure silica (SiO2_Tris) and the respective copper loaded (Cu_2.4 wt %_SiO2_Tris) samples produced in the presence of Tris buffer solution are shown in Figure 7 . In both cases, the only peak detected is the one ascribed to amorphous silica at 2θ ≈ 22°. In the copper loaded sample, the absence of diffractions associated with CuO crystal phase, despite a Cu content of 2.4 wt % (Table 2) , implies the very good dispersion of the metal species, not leading to the formation of bulky aggregates detectable by XRD analysis. The lower final copper loading in the presence of Tris compared to phosphate buffer, despite the same initial metal concentration of the employed Cu solution, could be mainly attributed to the lesser incorporation degree of PEI into the formed silica nanospheres. The size controlling effect of the buffer solution is demonstrated by SEM analysis, presented in Figure 8 . The developed sample's morphology is notably changed, comprising of much smaller nanospheres (≈30 nm), which form irregular shaped aggregated structures. The use of Tris has also a strong impact on pore structural characteristics, inducing a drastic enhancement in both the ssa (557 m 2 /g compared to the 32 m 2 /g of SiO2_PB) and pore volume (increase to 1.15 mL/g). Free and copper loaded samples exhibit type IV isotherms Figure 9A , featuring a well-resolved hysteresis loop corresponding to type H1, characteristic of mesoporous solids. The porous nature of these materials The size controlling effect of the buffer solution is demonstrated by SEM analysis, presented in Figure 8 . The developed sample's morphology is notably changed, comprising of much smaller nanospheres (≈30 nm), which form irregular shaped aggregated structures. The use of Tris has also a strong impact on pore structural characteristics, inducing a drastic enhancement in both the ssa (557 m 2 /g compared to the 32 m 2 /g of SiO 2 _PB) and pore volume (increase to 1.15 mL/g). Free and copper loaded samples exhibit type IV isotherms Figure 9A , featuring a well-resolved hysteresis loop corresponding to type H1, characteristic of mesoporous solids. The porous nature of these materials is further manifested by the pore size distribution (PSD), presented in Figure 9B . By inspecting the PSD curves of SiO 2 _Tris and Cu_2.4 wt %_SiO 2 _Tris samples, the only difference noticed is the two maxima emerged in the micropore area, which disappeared after metal introduction, evidencing the insertion of copper species within silica's microporous network. Accordingly, a copper loaded sample possesses lower ssa (from 557 to 290 m 2 /g) and TPV (from 1.15 to 1.02 mL/g) values, regarding the parent pure silica material.
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is further manifested by the pore size distribution (PSD), presented in Figure 9B . By inspecting the PSD curves of SiO2_Tris and Cu_2.4 wt %_SiO2_Tris samples, the only difference noticed is the two maxima emerged in the micropore area, which disappeared after metal introduction, evidencing the insertion of copper species within silica's microporous network. Accordingly, a copper loaded sample possesses lower ssa (from 557 to 290 m 2 /g) and TPV (from 1.15 to 1.02 mL/g) values, regarding the parent pure silica material. The aforementioned profound modification of morphological and textural characteristics can be attributed to the larger Tris molecule [25] , resulting in insufficient silicate surface coverage yielding smaller sized nanospheres and to its pore forming property, acting as an additional porogen together with PEI. Consequently, catalytic performance was strongly influenced by the use of Tris, despite the lower copper loading. As depicted in Figure 10 , the oxidation activity is markedly improved, especially in the case of CO where the maximum conversion reaches up to 80% instead of 31% in the case of phosphate buffer. This is mainly due to the greater accessibility of reactant molecules within the silica porous network facilitating their contact with the catalytic active sites. is further manifested by the pore size distribution (PSD), presented in Figure 9B . By inspecting the PSD curves of SiO2_Tris and Cu_2.4 wt %_SiO2_Tris samples, the only difference noticed is the two maxima emerged in the micropore area, which disappeared after metal introduction, evidencing the insertion of copper species within silica's microporous network. Accordingly, a copper loaded sample possesses lower ssa (from 557 to 290 m 2 /g) and TPV (from 1.15 to 1.02 mL/g) values, regarding the parent pure silica material. The aforementioned profound modification of morphological and textural characteristics can be attributed to the larger Tris molecule [25] , resulting in insufficient silicate surface coverage yielding smaller sized nanospheres and to its pore forming property, acting as an additional porogen together with PEI. Consequently, catalytic performance was strongly influenced by the use of Tris, despite the lower copper loading. As depicted in Figure 10 , the oxidation activity is markedly improved, especially in the case of CO where the maximum conversion reaches up to 80% instead of 31% in the case of phosphate buffer. This is mainly due to the greater accessibility of reactant molecules within the silica porous network facilitating their contact with the catalytic active sites. The aforementioned profound modification of morphological and textural characteristics can be attributed to the larger Tris molecule [25] , resulting in insufficient silicate surface coverage yielding smaller sized nanospheres and to its pore forming property, acting as an additional porogen together with PEI. Consequently, catalytic performance was strongly influenced by the use of Tris, despite the lower copper loading. As depicted in Figure 10 , the oxidation activity is markedly improved, especially in the case of CO where the maximum conversion reaches up to 80% instead of 31% in the case of phosphate buffer. This is mainly due to the greater accessibility of reactant molecules within the silica porous network facilitating their contact with the catalytic active sites.
To sum up, this work emphasizes the facile fabrication of catalytic systems through a bioinspired route and the investigation of the buffer solution effect on the final material's properties and catalytic behavior. Additionally, catalytic systems with different active phases or even combinations of active compounds can be very easily produced, considering the strong chelating behavior of the employed dendritic polymer for a large variety of metal ions, such as Pt 2+ , Pd 2+ , Au 3+ , Ag + , Cu 2+ , Ni 2+ , Ru 3+ , Mn 2+ or Fe 3+ . Therefore, the proposed method represents an effective and versatile technique to Catalysts 2017, 7, 390 9 of 13 prepare numerous metal loaded silica nanospheres with enhanced catalytic activity. Experiments underway are directed to the incorporation of low Pd amounts into the silica samples, with a view to attain higher three-way catalytic behavior. To sum up, this work emphasizes the facile fabrication of catalytic systems through a bioinspired route and the investigation of the buffer solution effect on the final material's properties and catalytic behavior. Additionally, catalytic systems with different active phases or even combinations of active compounds can be very easily produced, considering the strong chelating behavior of the employed dendritic polymer for a large variety of metal ions, such as Pt 2+ , Pd 2+ , Au 3+ , Ag + , Cu 2+ , Ni 2+ , Ru 3+ , Mn 2+ or Fe 3+ . Therefore, the proposed method represents an effective and versatile technique to prepare numerous metal loaded silica nanospheres with enhanced catalytic activity. Experiments underway are directed to the incorporation of low Pd amounts into the silica samples, with a view to attain higher three-way catalytic behavior.
Materials and Methods
Materials
Hyperbranched poly(ethylene imine), PEI, (BASF, Lupasol G100, Mn = 5000) was kindly donated from BASF (Ludwigshafen, Germany). The primary:secondary:tertiary amino groups ratio was 1:1.10:0.96 as determined employing inverse gated 13C NMR [7] .
Synthesis of Silica/PEI Nanopowders
The preparation of PEI-silica nanoparticles is carried out by following the general procedure described in our previous paper [4] . In short, 1 M silicic acid solution is prepared by the hydrolysis of tetramethyl orthosilicate in 1 mM HCl aqueous media (15 min at room temperature under stirring). This solution (1 mL) is slowly added under vigorous stirring to a PEI buffered solution (10 mL, 20 mM with respect to primary and secondary amine groups). Two different buffer solutions are employed, i.e., a 50 mM, pH 7.4 phosphate buffer (PB) or a 50 mM, pH 7.4 tris(hydroxymethyl) aminomethane (Tris) buffer. The reaction mixtures are allowed under stirring for 15 min and the resulting precipitates are separated by centrifugation at 12,000 rcf for 10 min, washed and centrifuged as above, for a further three times with pure water to ensure complete removal of water soluble species.
Copper Loading
In a second step, introduction of copper species is carried out through the immersion of a given amount of hybrid silica nanospheres into solutions of different Cu 2+ concentrations (100 and 1000 ppm at pH 4.5) and stirring at RT for 24 h, in order to obtain Cu 2+ -PEI complexes. The solid samples, after centrifugation, are thoroughly washed with distilled H2O to remove uncomplexed Cu 2+ and dried overnight at 50 °C. Finally, calcination at 700 °C for 3 h under airflow (100 mL min −1 ) and a 
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Copper Loading
In a second step, introduction of copper species is carried out through the immersion of a given amount of hybrid silica nanospheres into solutions of different Cu 2+ concentrations (100 and 1000 ppm at pH 4.5) and stirring at RT for 24 h, in order to obtain Cu 2+ -PEI complexes. The solid samples, after centrifugation, are thoroughly washed with distilled H 2 O to remove uncomplexed Cu 2+ and dried overnight at 50 • C. Finally, calcination at 700 • C for 3 h under airflow (100 mL min −1 ) and a heating rate of 3 • C/min is performed in a tube furnace, for the removal of the organic template and the acquisition of the catalytic material. The overall synthetic procedure is illustrated in Scheme 1.
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Characterization Techniques
Copper loadings were determined by EDX analysis on a JEOL JXA 733 (AXES UA) (JEOL Ltd., Tokyo, Japan). Samples were grinded and dispersed on a copper grid coated with a carbon film. N2 adsorption isotherms were collected at 77 K on an automated volumetric system (AUTOSORB-1-Krypton version-Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the measurements, the samples were outgassed at 250 °C for 24 h. Specific surface area was determined using the Brunauer-Emmett-Teller (BET) method. The pore size distribution was calculated using the Nonlocal Density Functional Theory (NLDFT) model (Quantachrome Instruments, AS1Win, Version 2.01, 2016, DFT software). Data reduction parameters: Calc. Model: N2 at 77 K on silica (cylindrical pore, NLDFT equilibrium model). Scanning Electron Microscopy analysis was conducted with a field emission scanning electron microscope (JSM 7401F, JEOL Ltd., Tokyo, Japan), equipped with Gentle Beam mode. XRD diffraction patterns were acquired using a Rigaku rotating anode X-ray generator (operating at 50 kV, 100 mA, nickel-filtered CuKa1 radiation) and an R-AXIS IV image plate (Rigaku Co., Tokyo, Japan). Samples were sealed in Lindemann capillaries. UV-visible diffuse reflectance (UV-vis-DR) analysis was carried out on a Nicolet Evolution 500 spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA). The spectra were obtained in the range of 200-800 nm and the samples were diluted in KBr (2 wt %). Temperature programmed reduction measurements of the catalysts were performed in a Quantachrome iQ. About 50 mg of the sample was outgassed at 473 K for 16 h. After cooling, the sample was first pretreated at 523 K under a He flow for 1 h and then samples were reduced with 5% H2/Ar at a flow rate of 25 mL/min and the temperature was increased from 313 K to 1073 K at 10 K/min. The hydrogen consumption was continuously monitored using a thermal conductivity detector (TCD).
Catalytic Activity Measurements
Catalytic samples (200 mg) were placed in the middle of a stainless steel tube reactor of 7 mm inner diameter, with quartz wool added at both sides. The reactor was fitted inside a temperature controlled furnace and the catalyst temperature was continuously monitored by two thermocouples situated on the outer side of the reactor, before and after the catalyst. In an effort to better simulate real exhaust conditions, the experimental protocol followed for the acquisition of activity Scheme 1. Synthesis of Cu/SiO 2 nanospheres through biomimetic approach.
Characterization Techniques
Copper loadings were determined by EDX analysis on a JEOL JXA 733 (AXES UA) (JEOL Ltd., Tokyo, Japan). Samples were grinded and dispersed on a copper grid coated with a carbon film. N 2 adsorption isotherms were collected at 77 K on an automated volumetric system (AUTOSORB-1-Krypton version-Quantachrome Instruments, Boynton Beach, FL, USA). Prior to the measurements, the samples were outgassed at 250 • C for 24 h. Specific surface area was determined using the Brunauer-Emmett-Teller (BET) method. The pore size distribution was calculated using the Nonlocal Density Functional Theory (NLDFT) model (Quantachrome Instruments, AS1Win, Version 2.01, 2016, DFT software). Data reduction parameters: Calc. Model: N 2 at 77 K on silica (cylindrical pore, NLDFT equilibrium model). Scanning Electron Microscopy analysis was conducted with a field emission scanning electron microscope (JSM 7401F, JEOL Ltd., Tokyo, Japan), equipped with Gentle Beam mode. XRD diffraction patterns were acquired using a Rigaku rotating anode X-ray generator (operating at 50 kV, 100 mA, nickel-filtered CuKa1 radiation) and an R-AXIS IV image plate (Rigaku Co., Tokyo, Japan). Samples were sealed in Lindemann capillaries. UV-visible diffuse reflectance (UV-vis-DR) analysis was carried out on a Nicolet Evolution 500 spectrophotometer (Thermo Electron Corporation, Waltham, MA, USA). The spectra were obtained in the range of 200-800 nm and the samples were diluted in KBr (2 wt %). Temperature programmed reduction measurements of the catalysts were performed in a Quantachrome iQ. About 50 mg of the sample was outgassed at 473 K for 16 h. After cooling, the sample was first pretreated at 523 K under a He flow for 1 h and then samples were reduced with 5% H 2 /Ar at a flow rate of 25 mL/min and the temperature was increased from 313 K to 1073 K at 10 K/min. The hydrogen consumption was continuously monitored using a thermal conductivity detector (TCD).
Catalytic Activity Measurements
Catalytic samples (200 mg) were placed in the middle of a stainless steel tube reactor of 7 mm inner diameter, with quartz wool added at both sides. The reactor was fitted inside a temperature controlled furnace and the catalyst temperature was continuously monitored by two thermocouples situated on the outer side of the reactor, before and after the catalyst. In an effort to better simulate real exhaust conditions, the experimental protocol followed for the acquisition of activity measurements involves a complex feed stream containing 10% H 2 O, CO 2 and a mixture of hydrocarbons (CH 4 , C 3 H 8 and C 3 H 6 ). The gas mixture feed was prepared from the following six gas cylinders: 2000 ppm NO and N 2 (balance), air, N 2 , CO, and a mixture of 0.15% CH 4 , 0.15% C 3 H 8 , 0.28% C 3 H 6 , 1.59% H 2 and N 2 (balance). The volumetric flow of each stream was controlled by thermal mass flows (Brooks Instrument, Hatfield, PA, USA) and a total feed similar to the typical composition of car exhaust gases at stoichiometric conditions was prepared ( Table 2 ). The total volumetric flow was set to 200 NmL/min in order to correspond to 60,000 h −1 space velocity. The addition of 10% H 2 O was obtained by passing the feed through a thermostated water bubbler. In the outlet stream, hydrocarbon concentrations were monitored by gas chromatography (Shimadzu GCe17A, column HP PlotQ, FID detector, Kyoto, Japan), NO/NO 2 concentrations by a chemiluminescence analyzer (Model 42-HL, Thermo Scientific, Waltham, MA, USA) and CO concentration by an electrochemical detector (Dräger X-am ® 7000, Lübeck, Germany). To ensure stable operation of the catalytic materials, before the evaluation of the catalytic activity, samples were treated with gas feed in stoichiometric composition (50 NmL/min total volumetric flow). The temperature ramp was set to 20-500 • C with 8 • C/min rate and remained at 500 • C for 2 h. The activity tests were performed between 50 to 500 • C and conversion performance was recorded every 50 • C.
Conclusions
In the present study, hyperbranched polyethylenemine (PEI), a low cost positively charged dendritic macromolecule is employed both as a biomimetic template and metal binding agent, for the synthesis of copper containing silica nanostructures, and tested for a gasoline engine three-way application. The proposed synthetic route is of particular interest, given that it is a facile, non-energy demanding, cost-efficient, environmentally friendly and versatile method and can therefore be easily adapted for large-scale industrial applications. Formation of PEI/silica nanospheres is initiated in the first step by the electrostatic interactions between PEI's protonated primary amino moieties and negatively charged silica species. PEI's encapsulation within the growing nanospheres enables the easy production of the final copper loaded silica materials, in a second step, by impregnation of the as-developed nanospheres into aqueous copper solutions. As demonstrated by EDX, XRD and UV-Vis-DR analysis, PEI's chelating action affords silica with high copper loading, combined with excellent dispersion. However, the lack of porosity in the as-developed materials has a strong impact on the catalytic performance. Tuning of silica nanospheres' morphological and textural features was attained by employing different buffer solutions. The two buffers examined are a phosphate buffer and Tris, with the latter affording smaller sized nanospheres possessing enhanced textural properties, as a result of insufficient silica surface charge neutralization and Tris's pore forming properties. This modification in the material's nanoporous network, induced by Tris buffer, produced a marked improvement in oxidation activity (i.e., 2.5 higher CO conversion efficiency with lower copper loading), demonstrating a strong correlation between catalytic performance and textural properties.
